Magnetorheological gels typically are colloids of spherical micrometer magnetic particles dispersed in a high-viscosity polymer matrix. However, some major parameters of this kind of mono-disperse magnetorheological gel, such as the shear storage modulus and yield stress, cannot meet the needs of practical engineering application. In this study, a systematic experiment was investigated on the use of dendritic carbonyl iron particles to enhance the comprehensive performance in conventional (microsphere-based) magnetorheological gels formulated in polyurethane matrix. Two kinds of carbonyl iron particles that have very similar magnetic properties but very different morphologies (one is spherical and the other is dendritic) are employed. The dimorphic magnetorheological gels were prepared by adding dendritic carbonyl iron particles into the conventional spherical carbonyl iron particle-based magnetorheological gel and a series of dimorphic magnetorheological gel samples were prepared. The magnetorheological properties of those samples, both under oscillatory and rotational shear rheometry, were systematically tested. It was found that the dendritic carbonyl iron particle additives can significantly improve the shear storage modulus and response time of the dimorphic magnetorheological gels compared with conventional magnetorheological gels. Meanwhile, when the mass ratio of dendritic particles to carbonyl iron particles is 25% and 50%, the shear stress, static shear yield stress, and dynamic shear yield stress of dimorphic magnetorheological gels can also be greatly enhanced.
Introduction
The magnetorheological (MR) materials are a class of smart materials and mainly include magnetorheological fluid (MRF), magnetorheological elastomer (MRE), and MR foam (Ngatu et al., 2008) . As we know, MR materials have unique rheological properties that can be changed reversibly, rapidly, and continuously with the external magnetic field (Malecki et al., 2015) . Because of this, the MR materials have attracted increasing attention and has been applied in many fields in recent years (Imaduddin et al., 2013; Kaluvan et al., 2016a Kaluvan et al., , 2016b . At present, the most common and widely used MR material is MRF (Sedlacik et al., 2013) . However, there are some insurmountable problems in practical engineering application of MRF, such as the particle sediment, stability, and leakage in MRF application devices (Fang et al., 2011) . MRE can solve these problems to a certain extent. Whereas, the relative MR effect of the MRE is small, and the shear energy storage modulus is in contradiction with relative MR effect in the MRE (Chen and Jerrams, 2011) . The defects of MRF and MRE give birth to a new branch of MR materials named magnetorheological gel (MRG). Typically, the MRG is prepared by dispersing magnetic particles in high-viscosity polymer matrix (Xu et al., 2015) . Therefore, the MRG is an intermediate material among MRF, MRE, and analogues of MRF, and moreover, it has higher off-state viscosity. In addition, there does not exist any problem of sedimentation in the MRG (Yu et al., 2014) . Due to the properties of MRG, it has a better application stability compared to the MRF and can be hopefully used in damping devices, vibration control, MR polishing, magnetic seal, and so on (Fuchs et al., 2004; Wilson et al., 2002) .
From the potential applications of MRG, we can find that the MRG devices basically work in dynamic modes. This requires that the MRG has a good dynamic mechanical performance, and the basic requirement is that it should have both a high magneto-induced storage modulus and relative MR effect (Xu et al., 2011) . Unfortunately, although the relative MR effect of the MRG can reach about 7000% and this value is several times that of the common MR elastomers, its shear storage modulus is generally at around 1.5 MPa . In addition, the yield stress of MRG which is produced under the magnetic field is an important parameter for applying MRG. And some of the applications of MRG require high shear yield stress. While, it remains a challenge to improve the shear yield stress of MRG, especially to obtain the strong shear yield stress at low magnetic field. Therefore, in view of the imperfect mechanical properties of MRG, and considering the practical applications, to prepare an MRG with suitable dynamic mechanical properties and relative MR effect as well as rheological properties is quite necessary.
It is known that the change in rheological properties of MR materials is mainly due to the magnetic dipoledipole interaction between ferromagnetic particles under the magnetic field (An et al., 2012a) . Thus, the various particle sizes, shapes, and orientations have a great impact on the comprehensive performance of the MR materials. Based on this, in order to obtain a better comprehensive performance, numerous studies have focused on the particles of the MR materials. For example, Li and others researched the mechanical properties of bimodal-based MR elastomers. The experimental results show that, when the mean diameter of the large particles is about 10 times as large as the mean diameter of the small particles, the bimodal particlebased MR elastomers have a much larger field-induced modulus than that of conventional ones (Li and Zhang, 2010) . For the MRF, Wereley and others fabricated dimorphic MR fluids by adding iron nanowires. They reported that the presence of the nanowires tended to obtain a higher level of yield stress compared to the conventional microsphere-based MR fluids (Ngatu et al., 2008) . Gong and others also confirmed that, compared with the conventional MRF, the shear stress and the dynamic yield stress of the dimorphic MRF were markedly increased and the sedimentation stability was also significantly improved (Jiang et al., 2011) . Inspired by these results, we propose the use of dendritic carbonyl iron particles (CIPs) to preparation of dimorphic MRG.
In this work, a series of dendritic CIP-based dimorphic MRG samples were fabricated. The MR properties, shear storage modulus, damping properties, shear stress, and shear yield stress of these samples were tested under oscillatory and rotational shear rheometry, respectively. All the experimental results were analyzed comprehensively.
Experimental details

Raw materials
In here, the spherical and dendritic CIPs were used to prepare the dimorphic MRG samples. The spherical CIPs were provided by Badische Anilin-und-SodaFabrik (BASF) in Germany (type: CN) and the average diameter is 5-8 mm. The dendritic CIPs were purchased from Chengdu Jinchun Metallic Materials Co. Ltd, China. And the microstructure images of these two kinds of CIPs are given in Figure 1 . It is clear that the dendritic CIPs show significant anisotropy and there are many branches on the surface. In this work, the polyurethane (PU) was used as the matrix of the dimorphic MRGs, and the PU matrix (the chemical reaction is shown in Figure 2 ) is mainly synthesized from castor oil (CO: Sinopharm Chemical Reagent Co. Ltd, China) and diphenylmethane diisocyanate (MDI: Figure 1 . The SEM micrographs of (a) spherical CIPs and (b) dendritic CIPs.
SEM: scanning electron microscope; CIPs: carbonyl iron particles.
4,4-' 50%, 2,4-' 50%, Yantai Wanhua Polyurethanes Co. Ltd, China). Stannous octoate purchased from Sinopharm Chemical Reagent was used as catalyst.
Preparation of dimorphic MRG samples
A series of dimorphic MRG samples were fabricated by dispersing spherical and dendritic CIPs in the PU matrix. There were three main steps in the process of dimorphic MRGs. First of all, the liquid CO was poured into a 100-mL beaker and placed in a vacuum oven at a temperature of 110°C for distillation. An hour later, after the excess water in the CO was evaporated, MDI was injected into the beaker and the mixture was stirred with a power motor agitator for about 10 min to ensure uniform mixing. The mole ratio of CO to MDI was calculated according to
where m CO is the weight of CO, and m MDI is the weight of MDI. In here, the value of x which is the mole ratio of CO to MDI was set as 3:1. Then, the CIPs containing spherical and dendritic particles and stannous octoate were added into the mixture. After the mixture was mixed uniformly with a power motor agitator at a rotational speed of 200 r/min, it was transferred to the vacuum oven. The temperature of the vacuum drying oven was set to 80°C because at this temperature the reaction rate is moderate and is conducive to the uniform dispersion of particles. In the next 1.5 h, the mixture was taken out every 15 min and stirred for 2 min at 200 r/min with the power motor agitator (Figure 3) . Finally, the mixture was preserved at room temperature for a few days. After that, the dimorphic MRG sample can be obtained. By this way, five dimorphic MRG samples based on spherical and dendritic CIPs were prepared. The details of their composition are shown in Table 1 .
Characterization and MR measurement
The analysis of crystal structure of spherical and dendritic CIPs was carried out using PANalytical X'pert diffractometer with Cu Ka radiation, and the scanning rate is 0.3°/s. The magnetic hysteresis loops (M2H curve) of them were measured with vibrating sample magnetometer (VSM: Lake Shore 7407) at room temperature. The microstructure pictures of the prepared dimorphic MRGs were taken with a scanning electron microscope (SEM, TESCAN MIRA3 FEG). Specifically, the MRG sample was spread on the surface of the silicon substrate. Then, to increase the electrical conductivity, the surface of the test device was sprayed with a thin gold coating. At last, the SEM image can be obtained after sending the test device to the SEM with an accelerating voltage of 25 kV. A parallel-plate rheometer (Physica MCR 301, Anton Paar Co., Austria) with an accessory of magnetorheological device (MRD) 70 was taken to measure the MR properties of the prepared dimorphic MRGs at the temperature of 25°C. By adjusting the coil current, a controllable magnetic field up to 1 T can be generated in the MRD. In here, a PP20 rotor which has a diameter of 20 mm and a standard test space of 1 mm was used. In this study, the oscillatory and rotational shear tests were used to research the rheological properties of the prepared samples. Under oscillatory shear rheometry, the strain amplitude sweep, the magnetic field sweep, and the transient response which responses to a stepwise magnetic field of the dimorphic MRGs were tested and the oscillatory frequency was maintained at 5 Hz throughout the test. In addition, the magnetic field sweep with a shear rate of 10 s
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, the shear stress sweep, and the shear rate sweep were also been tested under rotational shear rheometry.
Results and discussion
The X-ray diffraction (XRD) patterns and magnetization curve of the (M-H) the spherical and dendritic CIPs are obtained and shown in Figure 4 . It can be seen from Figure 4 (a) that the peaks of the spherical and dendritic CIPs are all located at 2u = 44.79, 66.28, and 82.42, and these peaks correspond to the (110), (200), and (211) lattice planes. This suggests that the spherical and dendritic CIPs are body-centered cubic (bcc) iron crystal (JCPDS card no. 06-0696). From Figure 4 (b), we can see that these two kinds of ferromagnetic particles have very similar magnetic properties. That is to say, both of them are soft magnetic particles and their saturation magnetization intensity is about 210 emu/g. Such substantially uniform magnetic properties are very beneficial to explore the influence of particle shape on the rheological properties of MRGs. Figure 5 shows the distribution of the spherical and dendritic CIPs in the PU matrix. In here, the part of dendritic CIPs has been marked by the red circle. It is clear that whether spherical CIPs or dendritic CIPs are all uniformly dispersed in the matrix. This suggested that the prepared dimorphic MRGs have good interfacial wettability between the particles and PU matrix.
Dynamic properties under oscillatory shear rheometry
As we know, the dynamic properties are very important parameters for the application of MRG. Thus, we first tested the dynamic characteristics of the dimorphic MRGs under oscillatory shear rheometry. At the beginning of the test, to more accurately understand the corresponding relations between the microstructure evolution and the changes of dynamic properties, the linear viscoelastic (LVE) region of the samples was determined. This is because, for viscoelastic materials, the actuating strain amplitude of oscillatory shear test should be set in the LVE range and in this range the possibility of strain-induced microstructure rupture can be ruled out (An et al., 2012b; Li et al., 2003; Xu et al., 2013) . The LVE region can be obtained from the strain amplitude sweeping results. Usually, for LVE materials, the dynamic properties are independent from the strain amplitude. That is to say, the range where the dynamic properties remain unchanged with the increasing strain amplitude can be regarded as the LVE region (Agirre-Olabide et al., 2014). The strain amplitude dependence storage modulus (G#) of the sample 1 under various magnetic fields and the storage modulus (G#) of the prepared dimorphic MRGs samples under the magnetic field of 1 T have been given in Figure 6 . In Figure 6 (a), we can see that the magnetic field has almost no effect on LVE range of the dimorphic MRGs, though the magnitude of the storage modulus can be dramatically changed with the magnetic field. Meanwhile, it can be seen from Figure 6 (b) that partial spherical CIPs substituted with dendritic CIPs also has no influence on the LVE range of MRGs. Therefore, the LVE range of the prepared dimorphic MRGs can be considered as 0%-0.1%. Based on the foregoing analysis, the strain amplitude of the oscillatory shear test in this research was set at 0.1%, which can ensure that the strain cannot destroy the microstructure of MRG samples.
The shear storage modulus (G#) and relative MR effect of the dimorphic MRGs to a continuously increasing magnetic field are given in Figure 7 and summarized in Table 2 . As expected, the structure of the CIPs has a great effect on the shear storage modulus of dimorphic MRGs under an external magnetic field. And the shear storage modulus of the dimorphic MRGs increased with the augment of dendritic CIPs content. It can be seen from Table 2 that the maximum shear storage modulus increased from 1.649 MPa in the sample 1 to 2.667 MPa in the sample 5, which is almost 62% increase. Meanwhile, the magneto-induced shear storage modulus (DG), that is, the absolute MR effect, also shows a rising trend and the absolute MR effect of sample 5 is 1.6 times than that of sample 1. In addition, we can also see that, with adding the content of the dendritic CIPs, the initial storage modulus (G 0 ) presents a trend of increasing in the samples, which indicate the sample is becoming harder. Just because of this, the relative MR effect of the dimorphic MRG samples shows a decreasing trend with the increase in the content of dendritic CIPs. But even so, the relative MR effect of sample 5 can also be achieved 2325%. This value is dozens of times as much as that of the common MR elastomers (Jung et al., 2016) . As can be seen from Table 2 , compared to sample 5, the maximum shear storage modulus of sample 4 is only about 0.15 MPa, while, its relative magnetic rheological effect is up to 7844%. Meanwhile, the initial storage modulus and absolute MR effect of sample 4 are 2.91 and 1.52 times than that of sample 1, respectively. These results show that the dimorphic particle-based MRG can obtain better dynamic mechanical properties, and this is mainly because robust chain or column structures of CIPs are formed in the dimorphic particlebased MRG under externally applied magnetic field (Jiang et al., 2011) . In comparison with the spherical particle-based MRG, the spherical and dendritic CIPs can combine together to form denser particle chains under the magnetic field. As the dendritic CIPs content increases, the dendritic CIPs not only filled the gap in the chain of spherical particles but also self-assemble to interlocking chain or columnar structure which can lock the spherical particles, resulting in thicker and stronger particle chains (Ngatu et al., 2008) . These sturdy chained clusters are very hard to be destroyed due to the great deformation resistance, thus the shear storage modulus of the dimorphic MRG is higher than that of the conventional spherical CIP-based MRG.
For the application of MRG, the damping capacity is an important performance parameter. Usually, the loss factor (tand) is used as a measure of the damping capacity of the MR materials (Ju et al., 2016) . In this research, the loss factor under different magnetic field and magneto-induced loss factor of the dimorphic MRGs were also investigated and shown in Figure 8 . Similar to our previous report, the loss factor of all the MRG samples shows a decreasing trend with the magnetic field . Specific to the internal comparison of the MRG samples, the changing trend is divided into two parts by the magnetic field. That is, when the magnetic flux density is lower than 0.4 T, the loss factor of the MRG samples shows a trend of ascending first and then descending with the increase in dendritic CIPs. However, as soon as the magnetic flux density exceeded 0.4 T, the loss factor shows a decreasing trend with that of the dendritic CIPs. Meanwhile, as can be seen from Figure 8(b) , the magneto-induced loss factor of samples 1-5 are 1.36, 1.30, 1.41, 1.30, and 0.74, respectively.
It was reported that the damping capacity (D MRG ) of the MR material is mainly derived from the intrinsic damping (D I ) and the interface damping (D F ) (Yang et al., 2012) . Since the content of the CIPs and PU matrix is the same in all the samples, the intrinsic damping of the dimorphic MRGs can be considered consistent. That is to say, the damping capacity of the dimorphic MRGs is mainly affected by interface damping, which comes from the friction between the PU matrix and CIP filler (Schoeck, 1969) . Based on the above analysis, the energy dissipation of the dimorphic MRGs can be expressed as
where F r and the S are the average interfacial friction force and the displacement of interfacial slipping between the CIPs and the PU matrix, respectively. As we know, when an external magnetic field is applied to the dimorphic MRGs, a magnetic interaction force is formed between the CIPs. The CIPs will change their position and move to a new equilibrium state (Yu et al., 2014) . The F r of the MRGs is increased largely by adding a certain amount of dendritic CIPs because its surface has many branches. That is to say, the dimorphic MRG can obtain a bigger loss factor. However, when the content of dendritic CIPs exceeds spherical particles, even all the dendritic CIPs, the S will be smaller and the dendritic particles tend to aggregate into small structures which can be confirmed by the SEM photograph of sample 5, as shown in Figure 9 , and results in a declined loss factor . This is the reason why the change trend of loss factor of the dimorphic MRGs initially increase followed by a decrease under low magnetic field. After the applied magnetic field is higher than 0.4 T, the CIPs are close to magnetic saturation which can be verified by Figure 4 (b). Stable chain structures are formed in such a magnetic field. The above analysis suggests that the particle chains of the MRG become stronger with the increase in dendritic CIP content, resulting in a smaller S in equation (2). Therefore, the value of the loss factor decreased with the samples when the magnetic flux density is greater than 0.4 T. In order to conveniently understand the microstructure evolution process of the dimorphic MRGs which is induced by an external magnetic field, herein, the shear storage modulus (G#) of the dimorphic MRGs in response to a stepwise magnetic field was measured. It can be seen from Figure 10 (a) that the shear storage modulus (G#) of all the dimorphic MRGs are immediately increased after applying a magnetic field of 1 T (time at 120 s). Since the actuating strain has been set in the LVE region, the changes in shear storage modulus (G#) for the same dimorphic MRG sample in this process cannot be attributed to the microstructure rupture. Thus, this again confirmed our previous report that, driven by the magnetic force between the iron particles, the evenly dispersed CIPs in the MRGs will selfassemble to form chains or columnar structures along the direction of the magnetic field, resulting in the rapid and reversible change of rheological properties of the MRGs with the external magnetic field Yang et al., 2016) . In addition, it can also be seen that shear storage modulus (G#) of the dimorphic MRGs shows an increasing trend under the external magnetic field, which can be ascribed to the formation of a stronger particle chains in the MRG. This confirms our previous analysis that the dendritic CIPs are helpful to form more robust particle chains. Herein, the time evolution of the shear storage modulus (G#) in response to a suddenly applied magnetic field was used to analyze the movement of ferromagnetic particles in the dimorphic MRGs which are being exposed to the external magnetic field. In here, a parameter named dimensionless G# was defined and
max is the maximum G# for each dimorphic MRGs in the time range of 120-240 s in Figure 10 (a). Figure 10 (b) describes the dimensionless G# of the dimorphic MRGs under a magnetic field of 1 T. The dimensionless G# can be conveniently used to compare the changing time of the CIPs from uniformly dispersed to rearrange into stable chain structures which reflects the speed that the MR performance of dimorphic MRGs to stabilize. As shown in the inset Figure 10 (b), the time for the dimensionless G# of dimorphic MRGs rising to 0.99, which can be considered as the formation time of the particle chain with an instantaneously applied magnetic field, is obtained (Xu et al., 2013) . It is clear that, with the increase in dendritic CIPs content, the response time of the dimorphic MRG samples shows a fluctuant and nonlinear downward trend. Based on this, it can be deduced that the dimorphic particle can effectively improve the response speed of MRGs under a magnetic field. Especially, the response time is reduced by 27.4% when the mass ratio of the dendritic particles to the spherical particles is 3 to 1. The theoretical analysis for dendritic particles to improve the response speed of MRGs needs to be further investigated.
Rheology under steady shear
The effect of the magnetic field on the shear stress for dimorphic MRGs under rotational shear mode was measured (at a shear rate of 10 s
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), as shown in Figure 11 . It can be observed from this figure that the shear stress of the samples shows a rising trend with the increase in magnetic field. Taking sample 2 for example, its initial shear stress is only 1.74 kPa, while the maximum shear stress can reach up to 77.33 kPa at a magnetic field of 1 T. Moreover, after partial substitution of spherical particles with dendritic particles, the shear stress is improved compared with the traditional MRG. This suggested that the dimorphic particle can enhance the steady performance of the MRGs. Furthermore, with the increase in dendritic particle content, the shear stress of the samples presents a trend of first increases then decreases. This is mainly because that, under the rotational shear mode, the dendritic CIPs can be driven by the magnetic force to fill the gap in the spherical particle chains when the dendritic CIP proportion is low. Thus, stronger particle chains are formed in the dimorphic MRG sample and resulting in a sharply increased shear stress. However, when the content of dendritic CIPs exceeded 15 wt %, the branches of the dendritic particles will stick to each other which leads to the particle chains becoming loose. This results that the particle chains destroyed in a rotating shear more easily, and therefore the shear stress decreased with the increase in dendritic particle content. Figure 12 shows the viscosities of dimorphic MRGs as a function of shear rate under zero field and 1 T magnetic field. As can be observed from Figure 12(a) , the viscosities of dimorphic MRGs increases with the increment in dendritic CIP content without magnetic field. This result is mainly due to the unique morphology of dendritic CIPs. As we know, the MRG is a kind of complex material, which is ferromagnetic particles dispersed in polymer matrix . In this experiment, the solid phase of dimorphic MRGs is composed of spherical and dendritic CIPs, and the mobile phase is composed of PU matrix. When dendritic iron particles are presented, the CIPs are more likely to aggregate to form small structures and the part of the PU matrix is restrained by these CIPs which becomes a solid phase . Meanwhile, the degree of agglomerate between the CIPs and the PU matrix shows an increasing trend with the increase in dendritic particle content. The above results can be confirmed by the comparison of Figures 5 and 9 . Comprehensively analyzing the above, the higher the content of dendritic iron particles, the more the particles are easier to aggregate and the more the amounts of solid phase in the MRG increase. Perhaps this is the main reason for the increment of viscosity of the dimorphic MRG samples.
The viscosity of the dimorphic MRGs as the result of a shear rate sweep under a magnetic fields of 1 T is illustrated in Figure 12(b) . It can be seen that, with the increase in dendritic particle content, the viscosity of dimorphic MRGs shows a trend of initial increase followed by a rapid decrease. From the test model analysis, this result is mainly because the particle chains are repeatedly destroyed by the rotational shear and be reassembled under the magnetic field (Wu et al., 2016) . That is, when the content of dendritic CIP is low, the movement of iron particles in a magnetic field is easy and the dendritic particles will occupy the interspaces of the spherical iron particles which leads to a higher viscosity (Wei et al., 2010) . However, since the dendritic particle surface has many branches, when the dendritic iron particle content increases, the dendritic CIPs are easily stuck to each other, which causes the particles in the PU matrix shift hard. This results that the re-assembling of the particle chains which destroyed in a rotating shear would be weaker, and thus the viscosity decreased with the increase in the dendritic particle content.
Static shear yield stress and dynamic shear yield stress
The yield stress which is composed of static shear yield stress and dynamic shear yield stress is a very important parameter of MRGs. The static shear yield stress is the minimum stress required to start the flow of the MRG and it can be obtained from the stress-strain curves (Felicia and Philip, 2014; Wei et al., 2010) . Figure 13 (a) shows a typical stress-strain curve of sample 2 under 0.4 T magnetic field. It can be seen that, with the increase in shear stress, the strain of the sample is first kept unchanged and then increase dramatically. In here, the points of strain increasing sharply were fitted and the intersection point of this straight line with the transverse coordinates was taken as the static shear yield stress of the sample. By this way, the static shear yield stress of all the dimorphic MRGs under different magnetic fields can be obtained. These parameters are drawn in Figure 13 (b) and summarized in Table 3 .
It can be seen from Figure 13 (b) and Table 3 that dimorphic MRG exhibits high static shear yield stress (9.620 kPa, at 1000 mT) and wide field-dependence stress range which can vary from 0.2 to 9.6 kPa.
Meanwhile, it is clear that the static shear yield stress value of sample 1 that magnetic particles are all composed of spherical iron powder is the smallest. Thus, we can draw a conclusion that the dimorphic particlebased MRG is beneficial to obtain a larger static shear yield stress. It is believed that the more the robust chains of iron particle were in the dimorphic particlebased MRGs, the more the static shear yield stress increased in the dimorphic MRGs. Figure 14 (a) shows results of the shear stress versus shear rate under different magnetic fields for sample 3 (the shear stress of other dimorphic MRGs as a function of shear rate shows similar trends). It can be seen that the dimorphic MRGs exhibits a typical Bingham plastic (BP) behavior and this type of flow curves can be described well by the BP constitutive model (Fang et al., 2011; Jolly et al., 1999) 
where t represents the total shear stress, t y is the fielddependent dynamic yield stress, and h and _ g are the plastic viscosity and shear rate, respectively. Some straight lines can be obtained by fitting the BP model to the flow curves of the dimorphic MRGs at high shear rates, and the dynamic yield stress (t y ) is the value extrapolating the shear rate to zero from those straight lines. The plot of the dynamic yield stress in terms of the applied magnetic field strength for the dimorphic MRGs is shown in Figure 14 (b) and summarized in Table 4 . It can be seen that the dynamic shear yield stress increased dramatically with applied magnetic field. Take the sample 2 for example, at a magnetic flux density of 0 mT, the dynamic yield shear stress is about 0.3 kPa, whereas it is 55.7 kPa with a density of 1000 mT, which increased about 186 times. The increased dynamic shear yield stress of MRG when exposed to an increasing magnetic field is due to the reason that the aligned particle chains are tremendously enhanced (Wei et al., 2010) . In addition, it can be found from Figure 14 (b) and Table 4 that, with the increase in dendritic CIPs content, the dynamic shear yield stress of the samples increased first and then decreased. This phenomenon is likely attributed to that, when the ratio of spherical and dendritic iron particles is moderate, the spherical and dendritic particles show a synergistic effect on enhancing the dynamic shear yield stress of the MRG. Specifically, being consistent with previous analysis, stronger particle chains can be obtained under the rotational shear when the dendritic CIP content is low. However, too many dendritic iron particles will hinder the re-assembling of the particle chains which destroyed by rotational shear, resulting in a weaker chain structures. The stronger the particle chain, the harder the chain is to be destroyed to form flowing MRG (Jiang et al., 2011) , thus the dynamic shear yield stress of the dimorphic MRGs shows a trend of first increases then decreases.
Conclusion
In summary, a kind of dimorphic MRG based on spherical and dendritic CIPs was prepared. The experimental results show that the dimorphic particle structure has a great influence on the comprehensive properties of the MRG, and greatly improved comprehensive properties compared with the traditional MRG can be obtained with a proper proportion of the two kinds of iron particles (especially when the mass ratio of the spherical particles to the dendritic particles is 3 to 1 and 1 to 1). Compared with conventional MRG, the improved performance of the dimorphic MRG is mainly shown in the following aspects: first, the shear storage modulus of the dimorphic MRG has a great improvement, and the high relative MR effect also still be maintained; second, the dimorphic MRGs have a faster response time. The response time can be increased by about 28% when the ratio of dendritic and spherical CIPs is 3 to 1 in the dimorphic MRG; third, the MRG fabricated with dimorphic particles is beneficial to improving the shear stress, static shear yield stress, and dynamic shear yield stress. In our opinion, the experimental results reported here may provide a helpful guideline for the performance optimization of MRG.
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